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摘  要 
目的：原发性肝细胞癌(hepatocellular carcinoma, HCC)是我国公共卫生关注
的热点问题之一，寻找增强 HCC 化疗敏感性的有效干预靶点具有重要意义。蛋




miR-133b 调控 PP2A-B55δ 影响 HCC 化疗药物诱导的细胞周期及抗肿瘤敏感性
的分子机制，为 HCC 肿瘤化学预防提供科学依据。 
方法：采用生物信息学方法分析人群 HCC 组织中 PPP2R2D 基因表达水平，
预测 miR-133b 与靶基因结合的最小自由能。选择 HCC 化疗药物顺铂(cisplatin, 
cDDP)为药物干预模型、人肝癌 HepG2 细胞为细胞模型开展体内外试验研究；
构 建 PPP2R2D 基 因 敲 低 和 高 表 达 稳 定 HepG2 细 胞 株 ， 以 及








结果：(1) HCC 肿瘤组织和 HCC 细胞株的 PPP2R2D 表达水平相比非肿瘤
组织和正常肝细胞均较低(P<0.05)。(2) cDDP 诱导 HepG2 细胞增殖抑制，克隆
形成面积减少，细胞周期 G1 期比例增高、G2/M 期比例降低(P<0.01)。(3) cDDP
诱导 HepG2 细胞 PP2A 酶活性增高，PPP2R2D mRNA 和 B55δ 蛋白表达增高 
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酶活性降低，细胞周期因子依赖激酶 1(cyclin-dependent kinase 1, CDK1)表达增
高，cDDP 诱导的 G1 期阻滞、迁移抑制、克隆形成减少、凋亡增加和增殖抑制
得以部分恢复(P<0.01)；相比对照细胞，PPP2R2D 基因高表达细胞中 PP2A 酶
活性增高，CDK1 表达降低，cDDP 诱导的 G1 期阻滞、迁移抑制、克隆形成减
少、凋亡增加和增殖抑制更加显著(P<0.01)。体内试验，相比对照，B55高表
达移植瘤生长受 cDDP 抑制更加显著(P<0.01)。(5)相比正常肝细胞，HCC 细胞
中 miR-133b 表达水平相对较高(P<0.01)；miR-133b 靶向 PPP2R2D 基因，二者
表达水平呈负相关 (P<0.01) ； cDDP 诱导 miR-133b 表达降低，提高
PPP2R2D-3’UTR 的转录调控活性(P<0.01)；增加 miR-133b 表达后，PPP2R2D 
mRNA和B55δ蛋白表达均降低，cDDP诱导的G1期阻滞得以部分恢复(P<0.01)；
降低 miR-133b 表达后，PPP2R2D mRNA 和 B55δ 蛋白表达均升高，cDDP 诱导
的 G1 期阻滞更加显著(P<0.01)；(6) cDDP 诱导不同基因型 HCC 细胞 PPP2R2D 
mRNA 表达水平不同(P<0.01)；相比 PPP2R2D-3’UTR+15CC 基因型细胞，cDDP
诱导 PPP2R2D-3’UTR+15GG 基因型细胞 PP2A 酶活性增高、G1 期阻滞、迁移
抑制、克隆形成减少、凋亡增加和增殖抑制均更为显著(P<0.01)。 
结论：PP2A-B55是增强 HCC 化疗敏感性的潜在分子靶点，miR-133b 通
过靶向 PPP2R2D 参与细胞周期调控，PPP2R2D-3’UTR+15G>C 多态性与 HCC
化疗敏感性差异有关，本研究为人群 HCC 肿瘤化学预防和靶向性干预研究提供
实验依据。 


















Objective: Hepatocellular carcinoma (HCC) remains a major public health 
problem in China. The identification of effective targets for enhancing HCC 
chemosensitivity is of great significance. Protein phosphatase 2A (PP2A) is an 
important tumor suppressor. PP2A-B55δ subunit, encoded by the PPP2R2D gene, 
play a critical role in the regulation of cell cycle and mitosis. Our previous studies 
revealed that the polymorphism of +15G>C in the 3’-untranslated region (3’UTR) of 
PPP2R2D gene involved in the regulatory mechanism of microRNA-133b 
(miR-133b). In this study, we investigated the role of PP2A-B55δ and related 
mechanisms affecting chemotherapy sensitivity of HCC under the regulation of 
miR-133, so as to provide a scientific basis for the prevention of HCC. 
Methods: Bioinformatics analyses were used to analyze PPP2R2D expression 
levels in HCC cohorts and calculated the predicted free energies of the binding 
between miRNAs and their targets. Cisplatin (cDDP) was selected as a 
representative chemotherapeutic drug of HCC and HepG2 cells were chosen as a 
sensitive model for in vitro and in vivo studies. The stable PPP2R2D-knockdown 
and -overexpression HepG2 cell lines, and stable PPP2R2D-3’UTR+15G>C 
polymorphism-regulatory HepG2 cell lines were established. miR-133b mimic or 
inhibitor was used to establish miR-133b-overexpression or -suppression model. 
Quantitative real-time polymerase chain reaction was used to measure mRNA levels. 
Western blotting, immunofluorescence and immunohistochemistry assays were used 
to determine protein levels. A serine/threonine phosphatase assay system was used 
for measuring PP2A activities. Flow cytometry was used to analyze cell cycle 
distribution. Transwell assay was used to evaluate cell migratory ability. Cell colony 
formation assay was used to evaluate cell self-renewal capacity. The Annexin 
V-FITC apoptosis detection kit was used for apoptosis assay.The tetrazolium-based 
colorimetric test was used to determine cell proliferation. Xenograft studies in nude 
mice were performed to analyze tumor formation or suppression in vivo. Dual 
luciferase reporter assay system was used to analyze luciferase activities. 
















and HCC cell lines (P<0.05). (2) cDDP inhibited cell proliferation, decreased colony 
formation areas, induced G1 phase arrest in HepG2 (P<0.01). (3) Treatment with 
cDDP increased PP2A activities, PPP2R2D mRNA and B55δ protein levels 
(P<0.01). (4) Knockdown of B55δ decreased PP2A activity, increased the expression 
of cyclin-dependent kinase 1 (CDK1), partially reversed cell cycle arrest, migration 
inhibition, colony formation reduction, apoptosis increasement and proliferation 
inhibiton (P<0.01). Artificially increasing the expression of B55δ increased PP2A 
activity, counteracted CDK1 activation, modulated transitions of the cell cycle, and 
increased the suppressive effect of cDDP on cell migration, colony formation, 
apoptosis, and proliferation in vitro and tumor growth in vivo (P<0.01). (5) The 
expression level of miR-133b was significantly up-regulated in HCC cell lines 
(P<0.01). miR-133b was found to target PPP2R2D. The expression of miR-133b 
was negatively correlated with PPP2R2D and B55δ in vitro and in vivo (P<0.01). 
cDDP decreased the expression of miR-133b and increased the luciferase activity of 
the reporter construct bearing the PPP2R2D-3’UTR (P<0.01). miR-133 mimic 
suppressed the levels of PPP2R2D mRNA and B55δ protein, and rescued G1 phase 
arrest induced by cDDP; miR-133 inhibitor enhanced the expression of PPP2R2D 
and B55δ, and accelerated G1 phase arrest induced by cDDP (P<0.01). (6) cDDP 
increased PPP2R2D mRNA levels in varying degrees in HCC cells with various 
genotypes (P<0.01). The PP2A activity increasement, G1 phase arrest, migration 
inhibition, colony formation reduction, apoptosis increasement and proliferation 
inhibiton induced by cDDP in cells containing PPP2R2D-3’UTR+15GG genotype 
were much more significant than those in cells containing PPP2R2D-3’UTR+15CC 
genotype (P<0.01). 
Conclusions: PP2A-B55 might be a potential target for increasing the 
sensitivity of HCC to chemotherapy. miR-133b participates in cell cycle regulation 
by targeting PPP2R2D. The polymorphism of PPP2R2D-3’UTR+15G>C is 
associated with different sensitivity of HCC chemotherapy. Our study provides 
experimental evidence for the chemoprevention and targeted intervention of HCC. 
Keywords: protein phosphatase 2A-B55δ subunit; hepatocellular carcinoma; 


















Abbreviations and Acronyms 
英文缩写 英文全称 中文名称 
133in miR-133b inhibitor miR-133b 抑制物 
133mi miR-133b mimic miR-133b 模拟物 
2R2Dc PPP2R2D coding sequence PPP2R2D 编码序列 
3’UTR 3’-untranslated region 3’-非翻译区 
B55δ B55δ subunit  B55δ 亚基 
Bax Bcl-2-associated X protein Bcl-2 相关 X 蛋白 
Bcl-2 B-cell lymphoma 2-related protein B细胞淋巴瘤2相关蛋白 
BDP carboplatin 卡铂 
cDDP cisplatin 顺铂 
CDK1 cyclin-dependent kinase 1 细胞周期依赖性激酶 1 
DAPI 4, 6-diamidino-2-phenylindole 4',6-二脒基-2-苯基吲哚 
GAPDH glyceraldehyde-3-phosphate dehydrogenase 甘油醛-3-磷酸脱氢酶 
GEO Gene Expression Omnibus 基因表达数据库 
HCC hepatocellular carcinoma 肝细胞癌 
IC50 half-inhibition concentration 半数抑制浓度 
IHC immunohistochemistry 免疫组化 
inNC miRNA inhibitor negative control miRNA 抑制物阴性对照 
L-OHP oxaliplatin 奥沙利铂 
mfe minimum free energy 最小自由能 
miNC miRNA mimic negative control miRNA 模拟物阴性对照 
miRNAs microRNAs 微小 RNA 

















英文缩写 英文全称 中文名称 
MTT 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide          噻唑蓝 
oncomiR oncogenic miRNAs 致癌 miRNAs 
OD optical density 光密度 
pBabe plasmid pBabe-puro 抗嘌呤霉素 pBabe 质粒 
p-CDK1 phosphorylated cyclin dependent kinase 1 磷酸化 CDK1 
PCNA proliferating cell nuclear antigen 增殖细胞核抗原 
pGL3c pGL3-control luciferase reporter vector          pGL3-对照荧光素酶报告基因载体 
PI propidium iodide 碘化丙啶 
PPP2R2D gene encoding PP2A-B55 PP2A-B55编码基因 
PP2A protein phosphatase 2A 蛋白磷酸酶 2A 
qRT-PCR quantitative real-time polymerase chain reaction        实时定量聚合酶链反应 
shGFP shRNA targeting green fluorescent protein          靶向绿色荧光蛋白 shRNA 
shRNA short hairpin RNA 短发夹 RNA 
sh2R2D shRNA targeting PPP2R2D mRNA sequence         靶向PPP2R2D的 shRNA 
SNPs single nucleotide polymorphisms 单核苷酸多态性 
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第一章  前  言 












日本、埃及，HCV 感染是 HCC 的主要危险因素；而在亚洲东部地区和撒哈拉
以南非洲地区，HCC 患者具有较高慢性乙型肝炎病毒(HBV)感染率[7, 8]。在全球，
有超过一半的 HCC 病例由 HBV 感染引起[9]。我国约有 9300 万人感染 HBV，是 





1.2  铂类化疗药物 
金属铂类配合物是临床上适用于多种癌症治疗的抗肿瘤药[13]，其主要作用
机制是进入细胞核与 DNA 分子形成铂-DNA 化合物，导致 DNA 结构改变，阻



















[14]，也是晚期 HCC 患者治疗的关键药物[16]。cDDP 进入肿瘤细胞后，首先水解
为双羟双氨铂，并与 DNA 发生交联，从而抑制 DNA 复制。BDP 的抗瘤谱与









应的发挥，从而调控肿瘤耐药[20]。GGT 可增加细胞内 GSH 水平，降低药物毒
性，在肿瘤细胞耐药中发挥显著作用[26]。铂类药物还可以诱导耐药相关蛋白升
高，细胞质中药物因此无法由核孔进入核内，由运输囊泡胞吐到胞外[27]。此外，







性相关分子机制研究，对于寻找 HCC 诊断治疗的有效靶点、促进和提高 HCC
患者的早期诊断和疗效具有重要意义，同时，也能为肝癌的个体化医疗提供理
论依据。 
1.3  蛋白磷酸酶 2A 



























包括催化 C 亚基(PP2A-C)和支架 A 亚基(PP2A-A)；三聚体形式是活跃的全酶复
合物，由 C、A 亚基和不同的调节 B 亚基(PP2A-Bs)组成[37]。其中，PP2A-Bs 亚
基是 PP2A 的主要调控因子，它控制 PP2A 的活性和与底物结合的特异性，并
将全酶靶向到特异的细胞区室内，决定了 PP2A 在空间和时间上的功能发挥[38]。
PP2A-Bs 亚基有 B、B’、B’’、B’’’四个亚家族，分别由不同的基因编码各亚家
族中的不同异构体。B(B55/PR55)家族有 α、β、γ、δ 四种异构体，其中 B55δ
由 PPP2R2D 基因编码，与细胞有丝分裂周期进入和退出的调控有关[39]。Mochida
等将非洲爪蟾蜍卵提取物的 B55δ 耗竭，促进进入有丝分裂并抵抗其退出；相
反地，外源加入纯化的 B55δ 复合物，通过 Wee1 依赖的细胞周期因子依赖性激
酶 1(cyclin-dependent kinase 1, CDK1)磷酸化，可延缓和阻断 CDK1 活化，剂量




够增加 HCC 化疗敏感性尚需探究。 
1.4  微小 RNA 
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